Introduction
Cellular senescence is a permanent cell cycle arrest that limits the uncontrolled proliferation and tumorigenesis of cells (Greider, 2000; Campisi, 2003) . Senescent cells, while remaining metabolically active, display a number of characteristic changes. Typically, these changes include an enlarged and flattened morphology, increased senescence-associated b-galactosidase (SA-b-gal) activity and a distinct chromatin structure known as senescence-associated heterochromatic foci (SAHF) (Dimri et al., 1995; Campisi, 2001; Narita et al., 2003) . Additionally, senescent human fibroblasts exhibit the activation of a cell cycle arrest enforced by the p53 and p16/Rb tumor suppressor pathways and is accompanied by the increased expression of the cyclin-dependent kinase (CDK) inhibitors p21 CIP1/WAF1 (p21) and p16
INK4a
(p16) (Rangarajan and Weinberg, 2003) . Moreover, inactivation of p53 and Rb can prevent senescence (Cong et al., 2002) . The first description of senescence was replicative senescence in which cultured human fibroblasts had exhausted their growth potential after a number of cell divisions (Hayflick, 1965) . One well-studied mechanism responsible for replicative senescence in human cells is the shortening and dysfunction of telomeres (Harley et al., 1990; Bodnar et al., 1998; Karlseder et al., 2002) . Recently, numerous studies have shown that senescence can be triggered independently of the number of cell divisions or telomere length (Shay and Roninson, 2004) . This type of senescence, often referred to as 'premature senescence', can be induced by various types of cellular stress, including activated oncogenes, DNA damage, reactive oxygen species, etc. (Serrano et al., 1997; Chen et al., 1998; Lin et al., 1998; Robles and Adami, 1998; Zhu et al., 1998; Kramer et al., 2001; Suzuki et al., 2001 ).
Ectopic expression of oncogenic H-ras (ras) in normal fibroblasts results in a permanent cell cycle arrest that is phenotypically indistinguishable from replicative senescence (Serrano et al., 1997) . Oncogenic ras-induced senescence depends on signal intensity, although activation of the Raf-1/MEK/p38MAPK pathway is essential for oncogenic ras-induced senescence (Lin et al., 1998; Zhu et al., 1998; Wang et al., 2002) . Additionally, inactivation of the ARF/p53 tumor suppressor pathway in mouse fibroblasts and skin keratinocytes, or inactivation of the p16/Rb tumor suppressor pathway in human fibroblasts, can bypass ras-induced senescence, suggesting that the outcome in response to oncogenic ras signaling strictly depends on the cellular context (Serrano et al., 1997; Lin and Lowe, 2001; Brookes et al., 2002; Huot et al., 2002; Mallette et al., 2004) . However, the specific molecular mechanism by which oncogenic ras triggers a senescence-like permanent growth arrest in normal cells remains poorly understood. The objectives of this study were to characterize molecular and cellular changes in oncogenic ras-induced senescent human IMR90 fibroblasts to gain insight into the senescence mechanism and to identify candidate senescence biomarkers.
Results

Gene expression profiling of oncogenic ras-induced senescent cells
To further delineate the molecular mechanism and identify important genes and biomarkers involved in the senescence program in normal human fibroblasts, we carried out DNA microarray analyses of oncogenic rasinduced senescent IMR90 fibroblasts as a function of time. The Affymetrix GeneChip s HG-133A microarrays, which contain sets of probes for at least 22 000 genes, were used in this analysis.
Oncogenic ras was introduced into normal human diploid IMR90 fibroblasts via retroviral gene transfer as described previously (Lin et al., 1998) . Immediately after selection, designated as day 0 (Figure 1a ), IMR90 cells stably expressing oncogenic ras continued to proliferate in culture and did not display a senescent phenotype (Figure 1a ; data not shown) (Narita et al., 2003) . At day 3 after selection, oncogenic ras-expressing cells began to exhibit a significant reduction in their ability to incorporate BrdU, although only a small percentage of cells showed elevated SA b-gal activity, suggesting that these cells were undergoing cell cycle arrest but had not reached senescence. In contrast, oncogenic ras expressing cells by day 6 postselection displayed a flat and enlarged cell morphology, dramatic reduction of BrdU incorporation and a significant increase of SA b-gal activity ( Figure 1a ; data not shown) (Serrano et al., 1997) . Therefore, gene expression profiles were analysed over time at day 0 (R0), day 3 (R3) and day 6 (R6) after selection ( Figure 1a) . As a control, IMR90 cells transduced with an empty vector were also analysed at day 6 after selection (V6). Gene expression profiling was obtained from two independent analyses using cells derived from two independent gene transfers.
Significantly, the majority of the gene expression changes were detected between R0 and R3 (Table 1 and data not shown). Consistent with a cell cycle block, the downregulated genes included many genes required for cell division, such as cyclins, and DNA replication, DNA repair and mitotic genes (Table 1) . Additionally, genes that were significantly upregulated included cell cycle inhibitors, degradative enzymes, cytokines and growth factors (Table 1 and Supplemental Table) . Of note, some of these gene changes have been observed in replicative senescent cells (Shelton et al., 1999; Ly et al., 2000; Campisi, 2003) .
Altered expression of cell cycle regulators in oncogenic ras-induced senescent cells
The p53 and pRB tumor-suppressor pathways play essential roles in mediating the growth arrest in senescence (Campisi, 2003) . CDK inhibitors, which act on the Rb pathway, are often upregulated in senescent cells (Campisi, 2003) . The DNA microarray analyses indicated that the transcripts of the cell cycle inhibitors p16, p15 INK4B (p15) , and p21 were all significantly upregulated in oncogenic ras-induced senescent cells as compared to the vector control ( RT-PCR analysis of the indicated genes encoding cell cycle regulators in IMR90 cells transduced with an empty vector or oncogenic ras at days 0, 3 and 6 postselection (R0, R3 and R6). Expression of b2-microglobulin (b2M) was used as a loading control. (c) Western blot analysis of the indicated cell cycle regulators in IMR90 cells transduced with an empty vector or oncogenic ras at days 0, 3 and 6 postselection (R0, R3 and R6). Expression of a-tubulin (Tubulin) was used as a protein loading control and V6). In contrast, the expression of the genes encoding p18
INK4C
, p27 KIP1 and p57 KIP2 were decreased, while the gene encoding p19 INK4D remained unchanged (Table 1) .
We next examined the Rb family member proteins, Rb, p107 and p130, which play an important role in mediating growth suppression signals in nonproliferating cells (Classon and Harlow, 2002) . In oncogenic rasinduced senescent cells, Rb and p130 gene expression exhibited insignificant changes, while p107 gene expression was significantly reduced (Table 1 ). Rb family members are known to regulate the cell cycle through their interactions with E2F transcription factors. There are at least six E2F family members identified in mammalian cells (Cam and Dynlacht, 2003) . Interestingly, only the expression of E2F1 was significantly reduced in oncogenic ras-induced senescent cells, while the other E2Fs remained unchanged (Table 1 ). E2F1 is a transcription factor that can activate the transcription of many genes required for the progression through G 1 and S phase (Trimarchi and Lees, 2002) . Consistent with this notion, many of the E2F target genes, including cyclin E, PCNA and MCM6, were downregulated in oncogenic ras-induced senescent cells (Table 1 ). Altered expression of these cell cycle regulators was confirmed by RT-PCR ( Figure 1b ) and/or Western blot analysis (Figure 1c) , and the results were highly consistent with the microarray data. The slight reduction of Rb protein and upregulation of E2F4 protein in ras-induced senescent cells suggests post-translation mechanisms may be involved. In summary, the cell cycle arrest in oncogenic ras-induced senescence involved a specific downregulation of E2F1 and upregulation of p16, p15 and p21.
Oncogenic ras-induced senescent cells exhibit significant downregulation of G 2 /M genes and contain G 1 tetraploidy
The altered expression of cell cycle regulators in cells expressing oncogenic ras is highly indicative of a growth arrest. Unlike quiescent cells, forced expression of oncogenic ras or Raf-1 in normal fibroblasts leads to an irreversible growth arrest (Lin et al., 1998; Zhu et al., 1998) . Indeed, the fundamental difference between senescent cells and quiescent cells is that the latter are able to re-enter the cell cycle once the trigger is removed (Campisi, 1992) . Additionally, quiescent cells, generated by serum starvation, predominantly accumulated a cell population with 2 N DNA content, indicating a cell cycle arrest in G 1 (Figure 2a ). In contrast, oncogenic rasinduced senescent cells reproducibly showed an accumulation of cells with both 2 and 4 N DNA content ( Figure 2a ).
While cells arrested in G 2 /M normally exhibit 4 N DNA content, cells with 4 N DNA content can also be arrested in G 1 (G 1 tetraploid cells) (Margolis et al., 2003) . Tetraploid cells can arise from checkpoint failures in mitosis or cytokinesis causing cells to exit mitosis without chromosome segregation and eventually arrest in G 1 (Margolis et al., 2003) . Interestingly, gene expression analysis revealed that cdc2, cyclin B1, cdc25c and PLK-1, were among several G 2 /M genes that were significantly downregulated in oncogenic ras-induced senescent cells (Table 1) . Additionally, mitotic genes such as DDX11 (CHL-1like), BUB1B, CENPA, CENPF and topoisomerase IIa (topo IIa) were also dramatically (Table 1) . We next compared gene expression changes in replicative senescent and quiescent cells relative to oncogenic ras-induced senescent cells by RT-PCR. For all the G 2 /M genes examined, gene expression was downregulated in both oncogenic ras-induced and replicative senescent cells (Figure 2b ). In contrast, quiescent cells consistently showed a small reduction in gene expression of G 2 /M genes, perhaps due to the diminished number of G 2 /M cells (Figure 2a and b). Moreover, genes encoding protein regulator of cytokinesis (PRC1) and survivin were also significantly reduced in oncogenic ras-induced and replicative senescent cells (Table 1 , Figure 2b ). PRC1 and survivin are required for the later stages of mitosis and cytokinesis and their inhibition can lead to tetraploid cells with two nuclei (Andreassen et al., 2001; Mollinari et al., 2002; Altieri, 2003) . Consistent with these findings, approximately 10% of oncogenic ras-induced senescent cells reproducibly exhibit two nuclei, suggesting that the cells with 4 N DNA content may reflect, at least in part, binucleated cells (Figure 2c ). Taken together, these data suggest that the dramatic downregulation of G 2 /M genes is rather significant in senescent cells, and that oncogenic ras-induced senescent cells contain tetraploid cells that might have arisen as mitotic errors due to altered expression of G 2 /M genes. To test the hypothesis that the tetraploid cells might have entered G 1 phase and undergone G 1 arrest, we examined the expression of p21 in these cells by performing immunostaining using an antibody specific for p21. Consistent with the results from Western blot analysis, cells containing an empty vector exhibited low expression of p21 (Figure 2d ). In contrast, the majority of cells expressing oncogenic ras displayed elevated expression of p21. Significantly, binucleated cells also exhibited high levels of p21 expression, suggesting that these cells might have undergone a G 1 arrest (Figure 2d ).
Mitotic errors resulting from DNA damage have been shown to cause G 1 tetraploidy, and certain tumor cell lines can undergo senescence in response to treatment with DNA damage-inducing drugs (Roninson, 2003) . Moreover, oncogenic ras signaling has been associated with genomic instability (Saavedra et al., 1999) , raising the possibility that oncogenic ras-induced senescence may be mediated through DNA damage. To examine if oncogenic ras-induced senescence involves DNA damage, comet assays were carried out to detect doublestrand breaks in oncogenic ras-expressing cells. If significant DNA damage has occurred in cells, the ethidium bromide-stained nuclei will display a cometlike tail emanating from the cell nucleus corresponding to fragmented DNA (Singh et al., 1988) . As controls, Phoenix cells were treated with the DNA-damaging agent, etoposide, or DMSO solvent (Figure 3 ). In (Figure 3) . Thus, oncogenic ras-induced senescence did not involve significant DNA damage that could be detected by the comet assay.
Specific downregulation of topoisomerase IIa and upregulation of HDAC9 in senescent cells
We anticipated that the gene expression analysis of oncogenic ras-induced senescent cells would help to identify novel senescence biomarkers. Many genes essential for executing critical functions throughout the cell cycle have altered expression in senescent cells. One particular gene was topo IIa, which is required for catalysing topological changes in DNA and plays an essential role in chromosome condensation and segregation in mitosis (DiNardo et al., 1984; Uemura et al., 1987; Nitiss, 1998; Larsen et al., 2003) . Significantly, among the five topoisomerases represented in the microarray, only topo IIa was downregulated in oncogenic ras-induced senescent cells (Table 2) . Importantly, downregulation of topo IIa, but not topoisomerase IIb (topo IIb), was detected in both oncogenic ras-induced and replicative senescent cells by RT-PCR analysis (Figure 2b and 4b) . In contrast to the dramatic reduction of topo IIa expression in senescent cells, only a slight reduction of the topo IIa transcript was detected in serum starvation-induced quiescent cells (Figure 2b) . It has been shown that the expression of topo IIa generally peaks in the G 2 /M phase of the cell cycle (Whitfield et al., 2002) . Therefore, it is likely that the slightly reduced expression of topo IIa in serum starvation-induced quiescent cells is due to the lack of G 2 /M cells in quiescence.
While short-term serum starvation is known to be able to trigger quiescence, we have shown that prolonged serum starvation can also trigger a senescence-like irreversible growth arrest (Weebadda et al., 2004) . Cells grown in low serum (0.1%) for 2 days were already growth arrested as indicated by the presence of only the hypophosphorylated form of Rb (Figure 4a) . Consistent with the results obtained from RT-PCR analysis, topo IIa protein levels were only slightly reduced in quiescent cells generated by serum starvation for 2 days (Figure 4a ). Interestingly, after 21 days of culturing in low serum, these cells exhibited irreversible growth arrest associated with a senescence phenotype (Weebadda et al., 2004) . Moreover, serum starvationinduced senescence is associated with a dramatic reduction in topo IIa expression, in a manner similar to that seen in oncogenic ras-induced and replicative senescent cells (Figure 4a) . Thus, the dramatic downregulation of topo IIa is highly specific to senescent cells.
The regulation of histone deacetylases (HDACs) and histone acetyl transferases (HATs) is an important component of transcriptional control (Legube and Trouche, 2003) . There are at least 11 HDACs identified in mammalian cells (Gray and Ekstrom, 2001; Zhou et al., 2001; Gao et al., 2002; Kao et al., 2002) . The gene expression analysis indicated that HDAC9 was specifically and significantly upregulated in oncogenic rasinduced senescent cells (Table 2) . Most other genes encoding HDACs remained unchanged with the exception of HDAC5, which was slightly downregulated in oncogenic ras-expressing cells (Table 2) . RT-PCR analysis confirmed that HDAC9, but not HDAC1 or HDAC5, was upregulated in oncogenic ras-induced senescent cells (Figure 4b ). HDAC9 is alternatively spliced to generate multiple isoforms that may have different biological activities (Petrie et al., 2003) . One of these splice variants lacks the histone deacetylase (Figure 4b ). Real-time RT-PCR also validated the upregulation of HDAC9 in these senescent cells (data not shown).
To investigate whether the altered expression of topo IIa and HDAC9 was also seen in other senescent fibroblasts, oncogenic H-ras or an empty vector was transduced into early passage human MRC-5 fibroblasts via retroviral gene transfer. Significantly, MRC-5 cells stably transduced with oncogenic ras exhibited senescence phenotypes that were indistinguishable from oncogenic ras-induced senescent IMR90 cells, including the induction of SA-b-gal activity and SAHF formation (Figure 4c ). Moreover, RT-PCR analysis showed that topo IIa, but not topo IIb, was significantly downregulated and HDAC9, but not HDAC1, was significantly upregulated in oncogenic ras-induced senescent MRC-5 cells (Figure 4d and data not shown). These data suggest that the gene expression changes of topo IIa and HDAC9 were highly specific in senescent fibroblasts.
In summary, we show for the first time that changes in topo IIa and HDAC9 expression was specifically associated with senescent human fibroblasts, suggesting that these two molecules may be novel biomarkers for senescence.
Discussion
Gene expression in oncogenic H-ras-induced senescence
The characteristics of replicative senescence and oncogenic ras-induced senescence are nearly indistinguishable in normal human IMR90 fibroblasts (Serrano et al., 1997) . This current study further identified several and R6). Expression of b2-microglobulin (b2M) serves as a loading control molecular and cellular changes in oncogenic ras-induced senescent cells that are similar to replicative senescent cells, but not quiescent cells. These results suggest that oncogenic ras-induced senescence in normal human fibroblasts may provide a useful model system for studying the senescence mechanism.
Senescence is accompanied by the upregulation of p21 and p16 (Robles and Adami, 1998; Chang et al., 1999; Campisi, 2003) . Overexpression of p21 can result in the downregulation of many genes involved in cell-cycle progression and DNA repair (Chang et al., 2000) . However, abolishing p21 in fibroblasts is not sufficient to bypass senescence induced by oncogenic ras (Wei et al., 2003; Castro et al., 2004) . In contrast, fibroblasts null for p16 or exhibiting low expression of p16 do not undergo senescence in response to oncogenic ras Huot et al., 2002; Narita et al., 2003; Benanti and Galloway, 2004) , suggesting that the upregulation of p16 is necessary to induce senescence in human fibroblasts. Some cell types can undergo senescence independent of p16 or p21 (Shelton et al., 1999; Olsen et al., 2002) , indicating that the molecules involved in mediating growth arrest vary depending on the cellular context. Our study shows that p15 is also induced in oncogenic ras-induced senescent cells. Consistent with these data, overexpression of p15 can induce senescence in fibroblasts (McConnell et al., 1998) . Thus, p16, p21 and p15 may all contribute to the cell cycle arrest in oncogenic ras-induced senescence, although p15 is not upregulated in replicative senescent cells (data not shown) (McConnell et al., 1998) .
Regardless of the mediator of growth arrest, to establish a permanent cell cycle arrest likely engages a common pathway. Oncogenic ras-induced and replicative senescence involves the recruitment of a repressor complex to the promoters of various E2F target genes, leading to their transcriptional repression and, hence, a halt in S phase progression (Narita et al., 2003) . Among the E2Fs identified in mammalian cells, E2Fs 1-3 function primarily as transcriptional activators, while E2F4 and 5 act mainly as transcriptional repressors (Trimarchi and Lees, 2002) . Interestingly, expression of E2F1, but not E2F4 or E2F5, was dramatically downregulated in senescent cells, raising the hypothesis that E2F4/5 may be involved in repressing the transcription of E2F1 and other E2F targets in senescence. Indeed, E2F4 is responsible for mediating the transcriptional repression of E2F1 and various E2F targets in nondividing cells (Trimarchi and Lees, 2002) . The E2F proteins are known to interact with the pocket protein family members, Rb, p107 and p130 (Cam and Dynlacht, 2003) . Expression of p107 was dramatically downregulated in senescent cells, perhaps due to the downregulation of E2F1 (Ren et al., 2002) , suggesting that p107 may not be involved in mediating transcriptional repression.
Senescence and G 1 tetraploidy
In contrast to quiescence, oncogenic ras-induced senescence is accompanied by the accumulation of cells with 2 and 4 N DNA content and the appearance of binucleated cells. Interestingly, replicative senescent cells also accumulate with both 2 and 4 N DNA content with a significant percentage of cells with two nuclei (Sherwood et al., 1988; Ly et al., 2000) , and that most of the replicative senescent cells with 4 N DNA content are likely G 1 tetraploid cells (Sherwood et al., 1988) . The formation of G 1 tetraploidy is mainly triggered by aberrant mitosis or failure of cytokinesis, followed by the mitotic exit of tetraploid cells that undergo a G 1 arrest (Margolis et al., 2003) . Consistent with this notion, our study and other studies show that senescent cells exhibit a dramatic downregulation of many G 2 /M genes, including genes associated with centromere assembly and genes essential for cytokinesis (Shelton et al., 1999; Ly et al., 2000; Wells et al., 2003; Larsson et al., 2004) . Hence, the dramatic downregulation of G 2 / M genes in senescent cells may play an important role in triggering G 1 tetraploidy. While the specific mechanisms involved remains to be further elucidated, the existence of senescent G 1 tetraploid cells suggests that senescence is guarded by a multifaceted mechanism to ensure a tight growth arrest.
Senescence biomarkers
Currently, there are a limited number of markers available to determine whether a population of arrested cells may be senescent. The gene expression analysis from oncogenic ras-induced senescent IMR90 fibroblasts has allowed for the identification of genes whose altered expression may be specific to senescent cells. Here, we report the identification of two candidate molecules, topoisomerase IIa and HDAC9.
DNA topoisomerases play an important role in resolving topological problems of DNA in replication, transcription and chromatin structure (Wang, 2002) . The type II class of enzymes, topo IIa and topo IIb, play very similar roles during interphase. In contrast, topo IIa is essential for condensation and separation of mitotic chromosomes, while topo IIb is dispensable in proliferating cells (Larsen et al., 2003) . Moreover, topo IIa is upregulated in many cancer cells (Wang, 2002) . We show that senescent cells exhibit a specific and dramatic reduction in topo IIa expression. Considering its essential role in cell proliferation, topo IIa may be a critical repression target by the senescence mechanism.
Chromatin structure can interfere with the essential processes of transcription and DNA replication. HAT and HDACs play essential roles in transcription by regulating chromatin structure (Legube and Trouche, 2003) . The specific upregulation of HDAC9 in senescent human fibroblasts suggests that it may be a novel senescence biomarker and may play an important role in senescence. Indeed, senescent IMR90 fibroblast exhibited transcription repression of numerous genes and altered chromatin structure (SAHF), raising the hypothesis that HDAC may play a role in mediating transcription repression and/or SAHF formation (Narita et al., 2003) . HDAC9 is a newly identified molecule and, therefore, its function is relatively less understood. However, it has been shown that HDAC9 can repress the transcription of the myocyte enhancer factor 2D (Zhou et al., 2001; Petrie et al., 2003) , suggesting that HDAC9 can impact transcriptional regulation. Further investigation will be required to fully understand the role of HDAC9 in human cells and in senescence.
In summary, we report the study of the molecular signature of oncogenic ras-induced senescent human fibroblasts. We have identified several molecular and cellular changes in ras-induced senescent cells that are similar to replicative senescent cells, but not quiescent cells. Our study suggests that senescence is mediated by a multifaceted dynamic mechanism. Both activation and inactivation of cell cycle regulators occur in concert to cause a permanent cell cycle arrest accompanied by G 1 tetraploidy. Moreover, we show that the altered expression of topo IIa and HDAC9 occur specifically in senescent human fibroblasts and, therefore, may be novel senescence biomarkers. Further studies on the roles of these two molecules in senescence may shed light into the senescence mechanism.
Materials and methods
Cell culture and retroviral gene transfer
Human diploid IMR90 fibroblasts (ATCC), human diploid MRC-5 fibroblasts (ATCC), and the Phoenix retrovirus packaging cell line (ATCC) were cultured in DMEM (Mediatech) supplemented with 10% FBS (HyClone) and antibiotics, as previously described (Serrano et al., 1997) . Oncogenic ras (H-RasV12) or an empty vector (pBabe-puro) was introduced into IMR90 (passage 5-7) or MRC-5 (passage 5-7) cells by retroviral gene transfer, as described previously (Lin et al., 1998) . Replicative senescent cells were established by passaging IMR90 cells up to approximately 65 population doublings. Quiescent cells were generated by plating cells at low density and maintaining them in DMEM containing 0.1% FBS for 2 days. Serum starvation-induced senescent cells were generated by culturing IMR90 cells in DMEM containing 0.1% FBS for 21 days with media change twice a week (Weebadda et al., 2004) .
Gene expression analysis
Total RNA was isolated from cell pellets and converted to cDNA, followed by in vitro transcription to cRNA. The biotinylated cRNAs were then hybridized to the Affymetrix HG133A Array Chip (Affymetrix, Santa Clara, CA, USA) following the prescribed Affymetrix protocols. The gene expression analysis was performed at the Gene Expression Facility at Roswell Park Cancer Institute. Expression value (signal) was calculated using Affymetrix Genechip software MAS 5.0 (for full description of the statistical algorithms see http://affymetrix.com/support/technical/whitepapers/sadd_ whitepaper.pdf).
Cell cycle analysis
Cell cycle analysis was performed as previously described with some modifications (Lin et al., 1998) . Subconfluent cells were labeled with bromodeoxyuridine (BrdU; Sigma) and fluorodeoxyuridine (FdU; Sigma). Cells were then incubated with anti-BrdU antibody (Pharmingen). Alexa Fluoro 488 anti-mouse antibody (Molecular Probes) was used as the secondary antibody. Cell cycle distribution was analysed by two-dimensional flow cytometry (Cellquest, Becton Dickinson). Cell cycle analysis was performed using the WinList and ModFit LT analysis programs (Verity).
RT-PCR analysis
RNA was isolated from frozen cell pellets using the RNeasy RNA isolation kit (Qiagen). A measure of 1 mg of total RNA was reverse transcribed with M-MLV-reverse transcriptase following the manufacturer's instruction (Invitrogen). PCR reactions were performed using the HotMaster Taq DNA Polymerase (Eppendorf), as described by the manufacturer. PCR products were resolved on agarose gels followed by ethidium bromide staining. Real-time PCR was performed with the iCycler (Bio-Rad) using the QuantiTect SYBR green PCR mix as described by the manufacturer (Qiagen). Sequences of PCR primers and reaction parameters are available upon request.
Western blotting
Whole cell lysates were generated by resuspending cell pellets in Laemmli sample buffer (Laemmli, 1970) and subjected to immunoblotting as described previously (Serrano et al., 1997) . The following primary antibodies were used: p16 (C20; Delta Biolabs); p21 (C-19; Santa Cruz); RB (PharMingen); E2F1 (C20X; Santa Cruz); E2F4 (C20; Santa Cruz); p107 (C18; Santa Cruz); p130 (C20; Santa Cruz); topoisomerase IIa (Ab-1; Oncogene); c-H-ras (Ab-1; Oncogene); a-tubulin (Sigma). HRP-conjugated goat anti-rabbit or mouse antibodies (BioRad) were used as secondary antibodies.
Immunofluorescence
Immunofluorescence was performed as previously described with some modifications (Lin and Lowe, 2001) . Cells were immunostained with anti-BrdU (PharMingen) and anti-p21 (C19; Santa Cruz) antibodies. Alexa Fluoro 488 anti-mouse antibody and Alexa Fluoro 594 anti-rabbit antibody (Molecular Probes) were used as secondary antibodies. DAPI (Sigma) was used to stain nuclei and stained cells were visualized using an immunofluorescent microscope (Zeiss).
SA-b-gal assay
Senescence was monitored by SA-b-gal staining as previously described in Dimri et al. (1995) .
Comet assay
To assess DNA damage, the comet assay was performed with minor modifications as previously described in Singh et al. (1988) . Cells were gently resuspended in PBS at 5.7 Â 10 6 cells/ ml. Cells (2 Â 10 4 ) were plated on microscope slides. Slides were equilibrated in 0.4 M Tris, pH 7.5, immersed in methanol for 5 min, and immersed in ethanol for 5 min.
